Distinct chromosome folding and dynamics during cell cycle progression were dissected by CRISPR-Sirius DNA imaging in living cells.
INTRODUCTION
polychromatic range, guide RNA-tagging combined with fluorescence enhancement provides a potentially more flexible approach. Placing multiple MS2 RNA hairpins at the 3'-termini of CRISPR sgRNAs has been found to destabilize the RNAs, thus decreasing the efficiency of dCas9:guide RNA complexing and reducing the target labeling (Zalatan et al., 2015; Ma et al., 2016a) , although signal amplification was achieved in certain cases (Qin et al., 2017) .
Here we developed a method, CRISPR-Sirius, by rational design of sgRNA scaffolds containing octets of either MS2 or PP7 aptamers. Our strategy was to place the aptamer arrays at the end of the repeat:anti-repeat stem of the sgRNA since this region has been shown to accommodate large RNA inserts without perturbing CRISPR targeting (Shechner et al., 2015) . In addition, aptamers were linked by three-way junctions to create stable RNA secondary structure (Zuker, 2003) . Third, we introduced unique mutations of into individual MS2 and PP7 hairpins to minimize recombination during virus production and limit misfolding of the transcripts (Wu et al., 2015) . We named these engineered scaffolds CRISPR Sirius-sgRNA-8XMS2 and Sirius-sgRNA-8XPP7, as diagrammed in Figures 2A and 2B respectively. Figure S1 contains the flowchart for the rational design of the CRISPR Sirius-8XMS2 scaffold.
To test the live cell labeling efficiency of low-copy DNA repeats by CRISPR-Sirius, a ~800 bp region in intron 10 of the human FBN3 gene was chosen, which consists of 22 tandem copies of the target sites ( Figure 2C ). The guide RNA complementary this repeat was inserted into either our previously described CRISPRainbow scaffold (sgRNA-FBN3-2XPP7 or 2XMS2) or the new CRISPR-Sirius scaffold (sgRNA-FBN3-8XPP7 or 8XMS2) respectively. The guide RNAs containing PP7 were co-expressed with S. pyogenes dCas9 and PCP-GFP, while the those containing MS2 were co-expressed with dCas9 and MCP-HaloTag (Grimm et al., 2015) . As seen in Figure 2D and 2E, the target signals from CRISPR-Sirius were considerably brighter than the signals from CRISPRainbow, and the average ratio of foci signal to nuclear background intensity increases as well ( Figure 2F ). These results showed that CRISPR-Sirius could significantly increase the foci brightness for low-copy repeats, making it possible to visualize many loci with ≥20 copies of target sites. The increase in brightness from CRISPRainbow to CRISPR-Sirius also allows the long-term or successive tracking of multiple loci on a single chromosome.
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CRISPR-Sirius Labeling of Kilobase to Megabase-Spaced Loci on a Single Chromosome
For this study we chose a series of chromosome 19-specific loci for the study of their spatial distance and dynamics. Chromosome 19 spans ~59 megabases and contains ~23 genes per megabase, which is the highest gene density of all the human chromosomes (Grimwood J et al., 2004) . All the unique repeats containing ≥5 copies of potential Cas9 target sites within 50 kb on the chromosome 19 are shown in Figure S2 or they can be found on web server CRISPRbar. 35 genomic locations each containing ≥20 target site copies were tested for CRISPR-Sirius labeling in U2OS cells ( Figure S3 ). Seven out of these 35 locations-4 intergenic DNA regions (IDRs), 2 intronic regions (TCF3 and FBN3) and 1 pericentromeric region (PR1) on the p-arm of chromosome 19 were chosen to generate six stable cell lines for tracking the dynamics of locus pairs ( Figure 3A ). We created a dual-guide RNA expression vector for one-step generation of each pair of guide RNAs ( Figure S4 ). IDR3 labeled by CRISPR-Sirius-8XPP7 was used as the common locus in all cell lines while CRISPR-Sirius-8XMS2 was used to label the respective other loci (IDR1, IDR2, TCF3, IDR4, FBN3 and PR1, see Figure 3B ). All six pairs of loci were readily visualized in individual cells ( Figure 3B ). Two foci were detected for IDR1, IDR2, TCF3, IDR3, IDR4 and FBN3 in G1 as expected from the known two copies of chromosome 19 in the U2OS karyotype (Janssen et al., 2013) , while only one site was detected for PR1 possibly due to the existence of a deletion mutation in one allele.
To quantify the average inter-locus distance of each pair, only those cells in which the pair was on the same focal plane were chosen. As shown in Figure 3C , the observed mean inter-locus distances positively correlated with the DNA physical map, although there was a very high degree of variability among the four most widely spaced pairs of loci (see error bars in Figure   3C ), suggesting a diversity of chromosome folding states and inter-locus distances at the kilobase to megabase scales. This is also evident in the cumulative probability plots in Figure 3D . The mean spatial distance between loci when scaled to the DNA physical map has been proposed to plot as a power law with the ~0.3 exponent expected from an ideal fractal-globule polymer model (Wang et al., 2016) . This exponent for the PR1/IDR3 20 Mb domain of chromosome 19 was measured to be 0.22 ( Figure 3E ), which is nearly identical to the exponent 0.21, estimated in fixed cells by FISH (Wang et al., 2016) . The exponents progressively decreased as the interlocus distance increased while the degree of variation decreased (Figure 3 ). The degree of variation in the observed exponent for PR1/IDR3 was less for loci spaced at 7.8 kb and 4.2 Mb.
These results indicate a positive correlation between the measured inter-locus distances and the known genomic distances within 1 Mb but which deviates when they are further apart.
Spatial Distance and Dynamics of a Pair of Loci in Single Cells
For the 4.6 kb-spaced IDR2/IDR3 loci ( Figure 4A ), the measured distance (D IDR2/IDR3 ) ranged from 20 nm to 350 nm in the cell population ( Figure 4B ). In addition to this extensive variation in the inter-locus distance, we also observed major differences in the dynamic properties of this locus pair. Figures 4C, Movie S1 and Figure 4D , Movie S2 show tracking of IDR2 and IDR3 over time in two different cells. It can be seen that both the range of movements of the site is distinctly greater in cell 2 than cell 1. The trajectory radii for IDR2 (R IDR2 ) and IDR3 (R IDR3 ) were 68 nm and 72 nm respectively in cell 1 ( Figure 4C ), while they were 153 nm for IDR2 and 180 nm for IDR3 in cell 2 ( Figure 4D ). The measured distance D IDR2/IDR3 ranged from 20-300 nm in cell 2, and 25-110 nm in cell 1 ( Figure 4E ), which are similar on the minimal distance but remarkably different of maximal distance. To measure the relative local movements of this pair of loci, one (IDR2) was used as a spatial reference and the relative motion of the other (IDR3) (R IDR2/IDR3 in Figure 4F ) as well as the relative angles were determined as a function of time (q R in Figure 4J and 4K) . The relative trajectory radii of the IDR2 and IDR3 pair was 25 nm in cell 1and 143 nm in cell 2, indicating higher local dynamics of this chromosomal site in the latter ( Figure 4G ). To measure the movement of the IDR2/IDR3-spanning genomic region itself, the trajectory radius of the centroid (Rc) was calculated ( Figure 4H ). As shown in Figure 4I , Rc in cell 1 was 69 nm and 151 nm in cell 2, indicating a higher mobility of this domain in the latter.
To further understand the relation between the inter-locus distance and the local dynamics, we calculated the mean square displacement (MSD), maximal spatial distance (D Max ), and relative trajectory radii (R IDR2/IDR3 ). The MSD measures the amount of space the particle explores and when plotted vs. time can reveal whether a particle is in random Brownian motion or subdiffusion in a space (Dion et al, 2013) . As can be seen in Figure 4L , the relative MSDs of IDR2/IDR3 fall into three populations. The low population plateaued at ~0.005 µm 2 , the middle one at ~0.015 µm 2 and the high MSD one at ~0.030 µm 2 . As shown in Figure 4M , the trajectory radii increased from the low to high MSD populations, and the maximal spatial distance (D Max ), represents the contortion of the locus pair or compaction/relaxation of the chromosomal fiber in this kilobases' domain also increased from the low to high MSD populations ( Figure 4N ). The positive correlation of maximal spatial distance and trajectory radii is shown in Figure 4O . These results indicate that the compactness of the chromosomal fiber is closely related to its local mobility.
Distinct Local and Domain Dynamics during Cell Cycle Progression
A likely basis for the cell-to-cell variation in the dynamic parameters we have observed in these randomly growing cell populations could be the interphase cell cycle stage. In order to address this, we constructed U2OS-derived stable cell lines expressing both dCas9 and the suitable colored guide RNAs to label IDR2 and IDR3 (see Methods), synchronized the cells, and tracked inter-locus and domain movements at different cell cycle stages ( Figure 5A ). As shown in Figure 5B , the MSD curve of the pair of loci was low in early G1, maximum in late G1, decreased in early S and then declined to a low level again in mid-late S. The average radii of trajectories between the two loci were calculated (Table S1 ) and are plotted in Figure 5C : 4.04 ± 1.25 × 10 -2 µm in early G1, 1.09 ± 0.26 × 10 -1 µm in late G1, 9.35 ± 2.57 × 10 -2 µm in early S and 5.57 ± 1.51 × 10 -2 µm in mid-late S. As shown in Figure 5D , the centroid MSD was low in early G1, maximum in late G1, then declining in early S and reaching a minimum in mid-late S.
The average centroid radii of trajectory were 8.41 ± 2.17 × 10 -2 µm in early G1, 1.29± 0.47 × 10 -1 µm in late G1, 8.79 ± 2.64 × 10 -2 µm in early S and 5.73 ± 1.13 × 10 -2 µm in mid-late S (Table S1 and Figure 5E ). As shown in Figure 5F , the maximal inter-locus distances underwent similar changes indicating the decompaction of this chromosome region from early G1 to late G1 and then condensation during S phase, which is consistent with results from single cell Hi-C analysis (Nagano et al., 2017) and live cell chromosome accessibility measurements (Pederson and Robbins, 1972) . The distribution of relative angles is narrower in early G1 and mid-late S than late G1 and early S ( Figure 5G ), further supporting the changes in chromosome mobility. These results indicate intrinsic constraints such as folding (Nagano et al., 2017) could be the determinant for local dynamics and external constraints such as the local environment (Ou et al., 2017 ) might be essential for chromosomal domain dynamics.
The Effect of Genomic Domain Size on the Local and Domain Dynamics
The interphase chromosomes are folded in 3D with a hierarchy of architectures at different length scales from sub-kilobase to megabases (Risca VI et al., 2015) . Less is known of the higher-order structure and dynamics beyond nucleosomes at scales such as few to tens of kilobases (e.g. regulatory elements), hundreds of kilobases (e.g. topologically associating domain (TAD)) from chromosome capture methods (Dixon et al., 2012; Nora et al., 2012) and ~one megabase chromosomal domains (CDs) visualized by microscopy (Cremer T et al., 2001) . We choose four pairs of loci that are spaced difference distances from IDR3 on the DNA physical map by 4.6 kb (IDR2), 80 kb (IDR1), 1.2 Mb (TCF3) and 4.2 Mb (IDR4) ( Figure 6A ). We then tracked their movements relative to each other and thereby explore how inter-locus distances contributes to the local and domain dynamics of these chromosomal sites. Late G1 phase was chosen for this comparison as substantially local (relative) movement and domain (centroid) movement of the 4.6 kb IDR2/IDR3 pair was observed in this cell cycle stage ( Figure 5B-5E ).
As shown in Figure 6B , the relative MSD for the 4.6 kb pair (IDR2/IDR3) plateaued at ~0.03 µm 2 , the 80 kb pair (IDR1/IDR3) at ~0.06 µm 2 , while the 1.2 Mb pair (TCF3/IDR3) and 4.2 Mb pair (IDR4/IDR3) MSD curves reached ~0.14 µm 2 without plateauing. The average radii of trajectories increased from 1.12± 0. 22 × 10 -1 µm for the 4.6 kb pair (IDR2/IDR3), or 1.45 ± 0.18 × 10 -1 µm for the 80 kb pair (IDR1/IDR3) to 2.09 ± 0.51 × 10 -1 µm for the 1.2 Mb pair (TCF3/IDR3), and no further increase for the 4.2 Mb pair (IDR4/IDR3) (2.09 ± 0.46 × 10 -1 µm) ( Figure 6C and Table S1 ). These results show that the trajectory radii of relative dynamics expand along with the increase of genomic distance within one megabase but deviate when further apart. When the centroid MSDs were measured however, an opposite pattern emerged for their relationship with genomic distance ( Figure 6D and 6E ). This contrasting relationship of the centroid MSD vs. the trajectory radius to genomic distance can be clearly seen in the plots in Figure 6F . The distribution of relative angles ( Figure 6G ) further supports the differences in the mobility of pairs of loci separated by different scales of genomic distances.
DISCUSSION
Our perspectives of genomes have transitioned from linear sequences to a hierarchical organization of the chromosomes and their domains in the nucleus (Gibcus et al., 2013; Rao et al., 2014) . However, little is understood about interphase chromosome dynamics at the kilobase to megabase scales. Here we applied CRISPR-based multi-color imaging technology to uncover the spatial and temporal features of chromosome dynamics by measuring the spatial distance and mobility of pairs of intra-chromosomal loci in single living cells. We chose pairs of loci ranging from kilobases to megabases apart on chromosome 19. The inter-locus distances of each given pair showed high cell-to-cell variability, in agreement with previous FISH results (Finn et al., 2017a; Finn et al., 2017b; Giorgetti et al., 2016; Fudenberg et al., 2017) but in our case in the live cell mode. To assess local chromosome dynamics during cell cycle progression, we analyzed a pair of loci spaced by 4.6 kb from the center-to-center between the regions labeled by the two CRISPR probes. This region was estimated to include ~20 nucleosomes and span ~600 nm at maximum elongation, based on the beads-on-a-string model (Szerlong et al., 2011) . There are remarkable differences of spatial distances (ranging from 20-350 nm) and the gyration radii of trajectory (from 20-150 nm) among different cells, indicating different degrees of folding, compaction and mobility of this genomic region. Our results also showed that a high degree of chromosomal fiber relaxation (D Max in Figure O) is accompanied by high local dynamics. The maximal spatial distance of the 4.6 kb loci pair was observed to be up to 450 nm ( Figure 4N ), which is two thirds of the expected stretched length of ~600 nm. This suggests that this region is likely composed of irregularly folded 10-nm fibers, rather than a higher order structure such as 30-nm chromatin fibers. State-of-the-art electron microscopy (Ou et al., 2017) of this region in higher resolution will be needed to confirm whether there is a higher order structure. We further demonstrated that the chromosome's local relaxation and dynamics are cell cycle-dependent with low local mobility at early G1 and mid-late S, and high at late G1 and early S (Figure 7) . These observations deviate from 5C and Hi-C data of genome organization during the cell cycle, which showed that chromosome domains such as TADs quickly reform during early G1 and remain during the rest of the cell cycle before the mitosis (Naumova et al., 2013) . However recent single cell Hi-C data across the cell cycle showed that condensation of intra-TADs remarkably increased at mid-late S phase (Nagano et al., 2017) , which is consistent with our findings of low local chromosomal fiber relaxation and dynamics in mid-late S phase, although direct comparisons of Hi-C data and live cell imaging-tracking studies are presently somewhat challenging.
It is still unclear what determines chromosomal fiber relaxation and dynamics during cell cycle progression or other biological processes. One reason could be the combination of chromatin intrinsic properties and external constraints from the local environment. Here we found that chromosomal fiber relaxation is positively correlated to local dynamics during cell cycle progression. Such compaction changes have also been seen during the epigenetic regulation such as X-chromosome inactivation (Teller et al., 2011) , formation of polycomb domains (Francis et al., 2004; Boettiger et al., 2016) and modification of single genes (Benabdallah et al., 2017) . Recent electron microscopy has revealed that both euchromatin and heterochromatin contain 5-24 nm fibers, but that their compactness is considerably different (Ou et al., 2017) suggesting that the cooperation between chromosomal fiber relaxation and dynamics could possibly be involved in the transcriptional regulation. In combination with existing protein or RNA labeling techniques (Stasevich et al., 2014; Nelles et al., 2016) , our CRISPR-based live cell DNA tracking of genomic loci pairs could be applied to studies of the transcription kinetics in different epigenetic states as well as DNA repair, translocation or recombination (Hauer et al., 2017; Amitai et al., 2017) .
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METHODS DETAILS
• Design of RNA Scaffolds for CRISPR-Sirius IDR1/IDR3, IDR2/IDR3, TCF3/IDR3, IDR4/IDR3,   FBN3/IDR3 and PR1/IDR3.  IDR4, FBN3 or PR1 with IDR3. n=40 locus pairs, for IDR1/IDR3, n=62 for IDR2/IDR3, n=54   for TCF3/IDR3, n=56 for IDR4/IDR3, n=78 for FBN3/IDR3 and n=55 Images were cropped to 150x150 pixels and each video includes 41 frames (a total time of 2 minutes). The imaging rate is 3 seconds per frame and the play rate is 15 frames per second. The individual locus movements were corrected for the movements of the nuclear centroid for the possible movements of the cell or microscope stage.
Movie S2. Tracking of IDR2/IDR3 Loci Pair in Cell 2, Related to Figure 4
The image processing details are the same as described in the movie S1.
METHODS
Design RNA Scaffolds for CRISPR-Sirius
To design a stable RNA scaffold accommodating multiple RNA aptamers and compatible for insertion into sgRNA, the aptamers were linked by tandem three way junctions (Filonov et al., 2015) . For CRISPR Sirius-8XMS2, we randomized the linker of three way junctions between each MS2 stem loop and made the synonymous mutations of 8XMS2 (Schneider et al., 1992) in the scaffold. To design the variants, we used the consensus sequences as shown below:
where Y was replaced with C or U, the D was replaced with A, G or U, the S with C or G, R with G or A, and N with any nucleotide. The Sirius-8XMS2 scaffold was designed to avoid a repeating 8-mer in the sequences and to optimize RNA secondary structures (Zuker et al., 2003) .
The detailed design of Sirius-8XMS2 is shown in Figure S1 . The RNA sequence was iteratively evolved by increasing the thresholds (X) for candidate sub-optimal structures. mFold (Zuker et al., 2003) was used to fold the RNA sequence and compute minimum free energy (MFE) and suboptimal free energy (SFE). Initially, all mutable residues were replaced in the base-paring manner shown in the Figure S2 while preserving the A-U or C-G pairs. If the generated sequence contained any repetitive 8-mer, all the mutable residues were mutated again. The sequences were then folded with the initial sub-optimally percentage X=5%. If there was unique structure within the SFE structure, the sequence was fixed and stored. The process was then continued to increase the sub-optimally threshold (X) by 1.0 and the sequence was folded again. Unstable regions were identified if any other structure was predicted within the SFE.
Those regions were then marked for further mutation and the process continued until the suboptimally percentage exceeds 10% or the number of iterations exceeded a given threshold (1000). For CRISPR Sirius-8XPP7, we adapted the three-way junction linkers from CRISPR-
Sirius-8XMS2 and used the PP7 aptamer mutants that had the least reduction on the PCP binding (Lim et al., 2002) , resulting in the CRISPR Sirius-8XPP7.
Plasmid Construction
The expression vector for dCas9 (nuclease-dead) from S. pyogenes was that originally constructed from pHAGE-TO-DEST (Ma et al., 2015) into which the Heat Stable Antigen (HSA) was inserted at the C-terminus separated by P2A, resulting in pHAGE-TO-dCas9-P2A-HSA. The expression vector for guide RNAs was based on the pLKO.1 lentiviral expression system, in which PUR-P2A-BFP was inserted right after the PGK promoter, with either sgRNA-8XMS2 or sgRNA-8XPP7 inserted immediately after the mouse U6 (mU6) or human U6 (hU6) promoters, resulting pPUR-P2A-BFP-mU6-sgRNA-8XMS2 or pPUR-P2A-BFP-hU6-sgRNA-8XPP7
respectively. The one-step generation of paired guide RNAs was performed by simultaneously subcloning into the cassettes hU6-sgRNA-8XPP7 and mU6-sgRNA-8XMS2 into pPUR-P2A-BFP vector, resulting the dual-guide RNA expression vector pPUR-P2A-BFP-hU6-sgRNA-In-8XPP7-mU6-sgRNA-In-8XMS2, containing the CcdB gene between two BbsI sites in each cassette with different cohesive sites. The details of the cloning strategy were shown in Figure   S4 . All the dCas9 and guide RNA expression vector reported here will be deposited at Addgene. Thymidine block based on cell cycle distribution of U2OS (Karanam et al., 2012) . Cells were blocked by 2 mM double thymidine for 18 hours, released by rinsing in PBS and then cultured in fresh medium for 9 hours, followed by a second exposure to thymidine for 15 hours ( Figure   5A ). The cells were then released again and samples taken at 0 hour (early S), 4 hours (mid-late S), 12 hours (early G1) and 17 hours (late G1) respectively. Cells were then selected on puromycin for 3-5 days before sorting for BFP, using filters at 405 nm excitation and 450/50 nm emission. The resulting cell lines was simply named U2OS IDR2/IDR3 .
Cell culture, Transfection and Cell Cycle Synchronization
Lentivirus Production and Transduction
Fluorescence Microscopy
A Leica DMIRB microscope was equipped with an EMCCD camera (Andor iXon-897), mounted with a 2x magnification adapter and 100x oil objective lens (NA 1.4), and resulting in a total 200x magnification equal to a pixel size of 80 nm in the images was used. The microscope stage incubation chamber was maintained at 37 °C in HEPES-buffered DMEM with 10% FBS.
GFP was excited with an excitation filter at 470/28 nm (Semrock) and its emission was collected using an emission filter at 512/23 nm (Semrock). HaloTag-JF549 was excited at 556/20 nm (Semrock) and its emission was collected in a 630/91 nm channel. Imaging data were acquired by MetaMorph acquisition software (Molecular Devices). Image size was adjusted to show individual nuclei and intensity thresholds were set on the basis of the ratios between nuclear focal signals to background nucleoplasmic fluorescence. To detect loci numbers in Figure 3B , maximum intensity projection of Z-series images was performed. To quantify the spatial distance or track the dynamics, only pairs of loci lying in the same foci plane were analyzed.
QUANTIFICATION AND STATISTICAL ANALYSIS
Mining Chromosome-Specific Repeats for the Human Genome
Human reference genome (assembly GRC h37/hg19) (genome.ucsc.edu) was analyzed to find target regions and design gRNAs. Bioinformatics tool Tandem Repeat Finder (Benson et al., 1999 ) was used to identify tandem repeats with repeats period length smaller or equal to 2000 bp in the human genome. Bioinformatics tool Jellyfish (Marçais et al., 2011) was used to identify tandem repeats with repeat length longer than 2000 bp in human genome. Jellyfish was used to search for the 15-mers in the identified repeat regions. All the tandem repeat regions with more than 5 non-overlapping copies of one 15-mer were selected. The non-overlapping repetitive 15-mers with CRISPR PAM sequences ending with NGG or starting with CCN were examined for their specificity. The 15-mers that had more than 20% of copies within in other 50 kb regions were discarded. The 15 mers containing "TTTT" or ending with "TNGG" were filtered out due to the potential pre-termination on sgRNA expression under the U6 promoter (Chen et al., 2013) . The distribution of unique repeats in human genome was shown in Figure 1 and chromosome 19-specific unique repeats identified by the above-mentioned bioinformatics pipeline was shown in Figure S2 . The copy numbers shown in the figures were defined as the maximal non-overlapping target sites from a single sgRNA in the region.
Imaging Processing of Pairs of Loci Tracking
The images were analyzed by the Fiji (http://fiji.dc/Fiji) and Mathematica (Wolfram) software.
Images from the green and red channels were registered by using 0.1 µm coverglass-absorbed TetraSpeck fluorescent microsphere (Invitrogen) as a standard sample. Intensity quantification in Figure 2F was performed as following
where I R is the intensity ratio between the labeled FBN3 loci (I S ) and nucleoplasm (I N ). each with is the background fluorescence intensity (I B ) from a dark region in the same image having been subtracted. In live cell tracking, the specific genomic loci signals were identified and tracked by using the TrackMate plugin (Tinevez et al., 2016) . The cell movement was corrected by tracking the centroid of the nucleus over time. Detailed calculation of the mean-square displacement (MSD), relative spatial distance (D), gyration radius of trajectory radius (R) and relative angle (θ R ) are described in following section.
Quantification of Distance and Movement from Locus Pairs
Let p(t) be the position vector of a locus at time t. The trajectory of the locus is defined by a time series of positions {p 0 , p 1 ,…,p n } where p k :=p(t k ), t k+1 =t k +Δt, 0=t 0 <t 1 ,…,<t n and Δt is a fixed time interval between two successive frames. Given a trajectory {p 0 , p 1 ,…,p n }, the associated mean- where D diff is the diffusion constant. All MSDs possessed exponents 0<b<1. In addition to the plots in the figures, all the values are listed in Table S1 .
We also defined a time series of the relative angle {⍬ R (t 1 ), ⍬ R (t 2 ),…, ⍬ R (t n )} for the relative trajectory where ⍬ R (t m ) is defined by the angle swept from the vector p AB (t m-1 ) to the vector p AB (t m ) for m=1, 2,…,n. The angle was calculated by In addition to MSD, we also introduce a quantity, named the trajectory radius, to measure the mobility of a locus or locus pair. This trajectory radius is defined as the gyration radius of the points collected from all steps on a trajectory and used to measure the range of the area covered by the trajectory. More precisely, given trajectory {p S (t 0 ), p S (t 1 ),…,p S (t n ) }, S=A, B, A/B is the geometric center of the positions {p S (t 0 ), p S (t 1 ),…,p S (t n )}.
a denotes the scaling exponent of the power law relationship, mean spatial distance µ (genomic distance) a and is determined by fitting the power law relationship with experimental data.
